SPECIFICATION 



To All Whom It May Concern: 

Be It Known That We, Ajith K. Kumar and Bret Worden, citizens of the United 
States, whose full post office addresses are 528 Donna Drive, Erie, Pennsylvania 16509 
and 15550 Old Wattsburg Road, Union City, Pennsylvania 16438, respectively, have 
invented certain new and useful improvements in 



ENHANCED LOCOMOTIVE ADHESION CONTROL 



CROSS-REFERENCE TO RELATED APPLICATIONS 
None. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 
5 Not Applicable. 

BACKGROUND OF THE INVENTION 

This invention relates to traction control of railroad locomotives; and more 
particularly, to a system and method of enhancing locomotive adhesion control using 
creep and adhesion measurements of all the axles, and the proximity of an axle to each 

10 of the other axles to affect the adhesion of each individual axle. 

Railroad locomotives must provide a great degree of traction under a wide 
range of rail conditions; i.e., dry, wet, icy, oily. Generating the maximum tractive 
effort of a locomotive, or a consist of locomotives, produces the most efficient and 
effective operation of the train. Developing the maximum tractive effort by a 

15 locomotive requires that each axle of the locomotive, which includes the traction 
motor and wheels associated with the axle, develops its maximum tractive effort. 

In a moving train, developing the maximum tractive effort by each axle is a 
dynamic function dependent upon a number of factors some of which can be 
controlled, and some of which cannot. Among the latter are rail conditions. It will be 

20 appreciated by those skilled in the art that tractive effort is limited by the amount of 

contact friction between the wheels of the locomotive and the patch of rail over which 

the wheels are passing at any given moment. This amount of friction, in turn, depends 

such factors as the presence of contaminants (oil, or lubricants such as sand) on the 
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rail or wheel, the shape (roundness) of the wheel, the shape of the rail, atmospheric 
temperature, and the normal force or weight imposed on an axle, among others. 

Referring to Fig. 1 , an exemplary railroad locomotive V has a forward truck or 
bogey Kl, and a rearward truck K2. Each truck has multiple axles. In Fig. 1, three 
axles are shown with truck Kl having axles A1-A3, and truck K2, axles A4-A6. 
Wheels W are mounted on each end of each axle. The locomotive travels over a set of 
rails indicated generally R. In many locomotive configurations, the locomotive's 
wheels are driven by electric traction motors, as is well-known in the art. This allows 
for torque control to be separately established for each locomotive, for each set of 
axles, on a per axle basis, or on a per truck basis. Modern adhesion control systems 
attempt to maximize the tractive effort delivered to the rail by controlling the creep of 
the wheels through the amount of torque applied to the axles. 

Creep is defined as follows: 

Creep = wheel (W) speed - train speed 
train speed 

In United States patent 6,163,121 which is assigned to the same assignee as the 
present application, there is described a method and traction control system for a 
locomotive which separately controls the allowable creep level of each axle; i.e., the 
axles A1-A6 in Fig. 1. In the control system described therein, the tractive effort 
generated by each axle (including its associated traction motor and wheels) is 
monitored. Control signals are then generated and supplied to the traction motor for 
the axle to produce the amount of creep necessary to achieve the maximum tractive 
effort. 
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A problem with current control systems is their response time to a change in 
road conditions. This time can be in excess of ten seconds between a change in rail 
conditions and the resulting system response to change traction motor operation to 
produce the maximum tractive effort for these new conditions. Accordingly, in a 
5 moving train, rail conditions may change significantly between a change in conditions 
is sensed and the system reacts to produce the maximum tractive effort for previous 
rail conditions. 

Regardless of how torque control is applied; i.e., on a per axle, per set of axles, 
or per locomotive basis, adhesion control systems typically measure, directly or 
10 indirectly, the speed of each wheel together with the speed of the locomotive. Wheel 
speed and mathematical derivatives of wheel speed are then used, together with the 
measured or calculated locomotive speed, to adjust the amount of torque applied. 
Referring to Fig. 2, adhesion is determined by the equation: 

15 Adhesion = tractive effort 

Weight of locomotive V 

In Fig. 2, separate performance curves are presented for a variety of different 

rail conditions including a dry rail, a dry rail with sand on it, a wet rail, and a rail with 

oil on it. These curves are illustrative only, and those skilled in the art will understand 

20 that the actual relationship between friction and creep may be different. The 

respective curves are a measure of adhesion with respect to per unit creep for each of 

the different conditions. Peak points a, b, and c are indicated on the curves for a dry 

rail with sand, a dry rail, and a wet rail respectively. If a locomotive has individual 
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axle torque control, as taught by the 6,163,121 patent, the optimal creep level is 
separately controlled for each axle. 

Fig. 3 is a simplified block diagram illustrating a prior art individual axle 
adhesion control system. In this system, a wheel creep controller WCC dynamically 
5 adjusts the amount of torque applied to an axle, with wheel creep being limited to a 
value established by a tractive effort maximizer TEM. Maximizer TEM dynamically 
adjusts the creep limit output value supplied to controller WCC, so to attain and 
maintain the peak values (a, b, c) for the respective adhesion curves shown in Fig. 2. 
Controller WCC, in turn, supplies a creep torque limit output to a traction motor 
10 torque controller TMTC, whose output drives a traction motor TM for the individual 
axle. 

Axles A1-A6 on locomotive V travel over the rails R in a sequential fashion. 
The condition of rail R and the adhesion curves such as those in Fig. 2 vary from axle 
to axle for a number of reasons. These include: 
1 5 a) rail cleaning due to wheel/rail contact patch interaction; 

b) sand or friction enhancer applications to the rail; 

c) wayside, on-board, rail, or flange lube applications; 

d) differences in the normal force (including weight) on an axle; and, 

e) contact patch and trajectory changes (since all of the axles may not 
20 be traveling exactly over the same path on the rail all of the time) 

Fig. 4 illustrates the adhesion of three sequential axles moving over a rail. In 

Fig. 4, the plots assume that there are no substantial differences in friction between the 

axles. Fig. 5 is an enlarged version of a portion of the plots in Fig. 4. In Fig. 5, the 
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points indicated L, M, and T represent the axle creep for a respective leading axle L 
(Al or A4), middle axle M (A2 or A5), and trailing axle T (A3, A6) on a truck (Kl, 
K2). As shown in the Fig., leading and trailing axles L and T are not operating at their 
peak or optimal creep levels, while middle axle M is operating at its peak, optimal 
5 creep level. If various factors such as rail cleaning and normal force differences 
between the axles are negligible, then the creep value for the axle (axle M) producing 
a substantially higher tractive effort than the other two axles on the truck provides a 
goal target for the creep value the other two axles on the truck should attain. 

Fig. 6 illustrates how creep limit values may be adjusted for individual axles to 

10 increase their respective tractive efforts. The present invention is directed to augment 
the adhesion control system shown in Fig. 3, and described in the 6,163,121 patent. 
As described hereinafter, control information such as that shown in Fig. 6 is combined 
with the individual axle information; e.g., measured slope of an adhesion curve 
(ATE/Acreep) for the particular axle, to couple all of the locomotive's axles together 

15 to improve the overall tractive effort of locomotive V. 
BRIEF SUMMARY OF THE INVENTION 

Briefly stated, the present invention is directed to a traction control system for 
a railroad locomotive to reduce the response time to changed operating conditions so 
to maintain the locomotive's tractive effort at a maximum level. The system achieves 

20 this by determining when an axle is producing at or near its maximum tractive effort 
for existing rail conditions and then advising the traction motors of other axles so they 
can more rapidly adjust their operations to produce the maximum tractive effort of 



ER 42227 1757US 



-6- 



their associated axles for those conditions. The system operates dynamically so too 
also rapidly respond to sensed changes in rail conditions. 

The system utilizes quality of adhesion information (which includes creep, 
tractive effort, torque, etc.) obtained for each axle mounted on a truck, to improve the 
overall tractive effort of all the axles mounted on the locomotive. The system utilizes 
this adhesion quality information, and axle proximity information to influence overall 
locomotive adhesion to the set of rails over which the locomotive is traveling and 
thereby dynamically control the tractive capabilities of the locomotive. The invention 
operates on multiple levels: i.e., axle to axle; truck to truck; locomotive to locomotive 
(in a multiple locomotive consist); and, train to train (where one train passes over the 
same set of rails as the next train). 

In the method of the invention, a creep control signal is provided to a traction 

controller for each axle to move the locomotive over the rails, the creep control signal 

being a function of adhesion control or performance characteristics for that axle. A 

coupled creep control signal whose signal characteristics are a function of the 

performance characteristics of each of the other axles influences or "advises" the 

creep control signal, this being done to achieve maximum tractive effort from each 

respective axle and to decrease the response time in which each axle reaches its 

maximum tractive effort when rail conditions change. The coupled creep control 

signal is a function of the adhesion operation of each axle, as well as the proximity of 

the respective axle to each of the other axles. Tractive effort and creep inputs from 

each of the axles are combined to create a matrix of coupled creep control values with 

the coupled creep control signal supplied for each particular axle being derived from 
ER 42227 1757US -7- 



this matrix of values. The information used in the matrix includes not only current 
information, but historical data as well. The information can be geographically 
specific (since rails and rail conditions differ by locale) and time specific (since rail 
conditions may differ from one time of the year to another). 
5 Advantages of the traction control system include estimating the optimal creep 

for each axle, creep limits for each axle based upon what is happening with the other 
axles, quick response to large changes in rail surface friction, reduction in creep 
measurement errors, and better response to transient rail conditions. 

The foregoing and other objects, features, and advantages of the invention as 
10 well as presently preferred embodiments thereof will become more apparent from the 
reading of the following description in connection with the accompanying drawings. 



BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
In the accompanying drawings which form part of the specification: 
1 5 Fig. 1 is a representation of a railroad locomotive having a plurality of trucks 

with multiple axles on each truck; 

Fig. 2 is a graph of possible performance curves for different rail conditions 

listed, the curves measuring adhesion with respect to per unit creep; 

Fig. 3 is a block diagram of a prior art adhesion control system for individual 

20 axles; 

Figs. 4 and 5 are example adhesion curves for sequential axles moving over a 
section of rail; 
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Fig. 6 is a chart for an enhanced adhesion control system of the present 
invention for coupling creep control information from one axle on a truck to other 
axles on the truck; 

Fig. 7 is a block diagram of an enhanced adhesion control system of the 
present invention; 

Fig. 8 is a block diagram of a portion of the control system illustrating how a 
weight compensated input is provided to a coupled creep control unit of the system; 

Fig. 9 is a chart illustrating an example of coupled creep control utilizing 
information relating to adhesion of equal friction axles; 

Fig. 10 is a graph of adhesion curves for three sequential axles having equal 
friction but supporting different weights; 

Fig. 11 is a graph similar to that of Fig. 10, but in which the axles have 
different friction characteristics; 

Fig. 12 is a block diagram of a portion of the coupled creep control unit 
illustrating normalization of the creep for one axle so the information can be used for 
another axle; 

Fig. 13 is a graph of normalized adhesion ratios for two axles; 

Fig. 14 is an example of a proximity quality matrix generated using the 
method of the present invention; 

Fig. 15 is a representative set of values for the weight supported by each axle 
on a locomotive, and adhesion and expected adhesion values for these axles, and a 
plot of the resulting adhesion and expected adhesion curves; 
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Fig. 16 is an advice matrix determined as a function of normalized axle 
adhesion values; 

Fig. 1 7 is an advice matrix for the quality of coupled creep control based upon 
both normalized adhesion values of the axles, and the proximity of one axle to 
5 another; 

Fig. 1 8 is a chart of normalized creep and normalized expected creep values 
for each of the axles, and a 6 x 6 creep matrix based upon these values; 

Fig. 19 is a graphic representation of how the resultant coupled creep control 
values ccc n effect measured creep values crp_n for each axle; and, 
10 Fig. 20 is a simplified representation of two trains having multiple 

locomotives traveling over the same set of rails. 

Corresponding reference numerals indicate corresponding parts throughout the 
several figures of the drawings. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

1 5 The following detailed description illustrates the invention by way of example 

and not by way of limitation. The description clearly enables one skilled in the art to 
make and use the invention, describes several embodiments, adaptations, variations, 
alternatives, and uses of the invention, including what is presently believed to be the 
best mode of carrying out the invention. 

20 Referring to the drawings, as previously described with respect to Fig. 1, a 

railroad locomotive V has a forward truck Kl and rearward track K2. Each truck 

supports three axles A1-A3 and A4-A6 respectively. An improved traction control 

system of the present invention is indicated generally 10 in Fig. 7. System 10 includes 
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a coupled creep control unit (CCC) 12, which, for the locomotive of Fig. 1, is for a six 
axle locomotive having individual axle creep control. For this purpose, each axle has 
an associated tractive effort maximizer TEM1-TEM6 respectively. Control unit 12 
supplies a separate signal to each maximizer. These signals ccc 1-ccc 6 are control 
5 signals respectively used to influence a creep limit output of each tractive effort 
maximizer so to produce the greatest amount of traction from the wheels W mounted 
on the end of each axle. It will be understood by those skilled in the art that 
locomotive V is representative only and that the locomotive could have more than two 
trucks shown in Fig. 1, and each truck can have more or fewer than three axles. 
10 Each tractive effort maximizer TEM1-TEM6 incorporates a control logic that 

"searches" for the maximum tractive effort for the individual axle. The maximizer 
does this by adjusting the amount of creep present at the wheel W-rail R interface. 

t 

One equation employed by a tractive effort maximizer TEM1-TEM6 to accomplish 
this is: 

1 5 Creepumit = previous creeps, + At x sign (m) x (crpmax - crpn^ )xK, (Eq. 1 ) 

where, 

At is a predetermined time interval for a discrete controller (not shown) of the 
tractive effort maximizer; 

m is a control signal indicating the measured (or estimated) slope of an 
20 adhesion curve; 

crp_max and crp min are respective upper and lower limits on the range of 
creep movement for a slope m; and, 
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Ki is a gain (i.e., proportionality) factor controlling the rate at which the creep 
limit moves for a given slope m. 

In prior art control systems such as taught by the 6,163,121 patent, the creep 
limit factor is maintained at a substantially constant level. For an adhesion curve such 
5 as those shown in Fig. 5, the measured slope m may be either positive or negative 
depending upon where on the curve the adhesion control system is operating. For the 
curves shown in Fig. 5, a positive slope would be movement upward along the left 
side of the curve toward its peak; while a negative slope would be movement 
downward from the peak along the right side of the curve. 

10 In accordance with the present invention, Eq. 1 is now augmented to 

incorporate a control effort provided by an algorithm exercised by coupled creep 
control unit 12. This is achieved by including a creep rate term ccc n (where n= axle 
number), and providing an output from control unit 12 to the tractive effort maximizer 
TEM for each axle. The resulting output is determined, for example, from Eq. 2., as 

15 follows: 

Creep limit = previous creeps, + At x (Ki x m x (crpmax - crpmm) + ccc n ) (Eq. 2) 

Referring to Fig. 7, coupled creep control unit 12 is provided with a tractive 

effort feedback signal te fb n for each axle, this signal also being supplied to the 

respective tractive effort maximizer TEM for that axle. The coupled creep control 

20 unit is also supplied a creep signal creep_n for each axle, this signal also being 

supplied to the respective tractive effort maximizer for that axle. As described 

hereinafter, control unit 10 combines the information contained in these signals to 

generate the ccc n signal supplied to a tractive effort maximizer TEM1-TEM6. Now, 
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the creep limit signal supplied by each maximizer to the wheel creep controller for the 
traction motor for its associated axle is modified by operating conditions experienced 
by each of the locomotive's other axles, particularly when rail conditions change. 
Those skilled in the art will appreciate that the ccc n signal represents the combined 
5 effects (influence) of all the other axles on the rate of change of a target creep for a 
particular axle n. The combined creep control signal now modifies the creep limit 
output from the tractive effort maximizer and the creep control for that particular axle. 

Importantly, and as shown in Fig. 20, a train may include a number of 
locomotives VI -Vn located either adjacent each other, or at spaced intervals 

10 throughout a consist CI. Since each locomotive travels over the same track as the 
other locomotives in the consist, the information utilized to enhance the adhesion 
control of one locomotive in the consist, can be communicated to trailing locomotives 
in the consist and utilized by them as well for the same purpose. Communication 
systems to transmit information and data throughout a consist are known in the art and 

15 are not described. Further, the current invention contemplates providing adhesion 
control information for locomotives in one consist CI to be communicated to 
locomotives in a trailing consist C2 for use by locomotives in the second consist as 
well. Thus, the present invention operates on several levels: i.e., axle to axle, truck to 
truck, locomotive to locomotive in a multiple locomotive consist, and train to train 

20 where one train proceeds over the same set of rails as the next train. 

As described herein, the system and method of the invention utilize adhesion 

quality information (including, but not limited to, tractive effort, torque, and creep 

information) about an axle on the locomotive, and similar information about at least 
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one other axle. This other axle can be on the same truck or one of the other trucks of 
the locomotive. However, it can be an axle on another locomotive in the consist, or 
an axle on a locomotive of another consist. In accordance with the invention, values 
representative of the adhesion quality of at least these two axles are combined to 
5 produce a signal which is supplied to the controller TMTC driving the axle on the 
locomotive to maximize the tractive effort of the axle. The adhesion information is 
used to maximize the tractive effort of each axle of the locomotive and to reduce the 
response time needed for an axle to re-attain its maximum tractive effort in response 
to changed rail conditions. 

10 Static and dynamic weight shifts within truck Kl or K2, and locomotive V, 

will result in a different normal force for each axle. These force differences are 
compensated for by calculating the amount of adhesion for an axle (with calculated 
adhesion values then being used), rather than outputs from the tractive effort 
maximizer TEM for that axle. As shown in Fig. 8, each tractive effort feedback signal 

15 te fb n is provided as an input to a weight transfer matrix 14. The output of matrix 
14 represents the normal force changes due to the dynamics of coupling the tractive 
effort of one axle with the normal force on another axle, and is provided as one input 
to a summer 16. A second input to the summer is a normal force value determined by 
a per axle normal force calculator 18. Calculator 18 has, as inputs, a static weight 

20 vector value and a wheel diameter vector value. (This represents the weight on each 

axle while locomotive V is at a standstill and not producing any traction forces). A 

dynamic weight vector value determined by summer 16 (which represents an 

instantaneous normal force of each axle) is provided as an input to a calculator 20. 
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Using Eq. 3, calculator 20 calculates the amount of adhesion for the axle (adh n) by 
dividing the tractive effort for the axle by the weight supported by the axle; i.e., 

adh_n = te_n/weight_n (Eq. 3) 

5 The resulting adhesion vector values for each axle are now supplied as inputs 

to control unit 12. Referring to Fig. 9, a chart is presented showing coupled creep 
control when the adhesion of equal friction axles is considered for a three axle truck 
such as truck Kl or K2, as an example. As shown in Fig. 9, if the adhesion of the 
middle axle in the truck is greater than that of the leading axle, then it is desirable to 

10 move the creep in the leading axle toward that of the middle axle. If the adhesion of 
the trailing axle in the truck is greater than that of the leading axle, then it is desirable 
to move the creep in the leading axle toward that of the trailing axle. If the adhesion 
of the leading axle is greater than that of the middle axle, then it is desirable to move 
the creep in the middle axle toward that of the leading axle. If the adhesion in the 

15 trailing axle greater than that in the middle axle, it is desirable to move the creep from 
the middle axle toward that of the trailing axle. If the adhesion in the leading axle is 
greater than that in the trailing axle, it is desirable to move creep from the trailing axle 
toward that of the leading axle. Finally, if the adhesion in the middle axle is greater 
than that in the trailing axle, then it is desirable to move the creep from the trailing 

20 axle toward that of the middle axle. 

Further with respect to the application of Eq. 2, adhesion curves are shown in 
Fig. 10 for a three axle truck configuration where there is equal friction, but an 
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unequal weight distribution. Optimal operating points for each axle L, M, and T are 
shown in Fig. 10, again using Fig. 2 to determine the appropriate values. 

In Fig. 1 1, a similar set of curves is shown for a three axle truck configuration 
where the axles now have different amounts of friction. The curves shown in Fig. 1 1 
5 represent a typical situation encountered by a train traveling over a set of rails R. 
Those skilled in the art will appreciate that rail surface conditions commonly change 
from one axle to the next because of: 

a) sand or friction enhancers applied at discrete points on the locomotive; 

b) wheel creep effects on the rail surface; and, 

1 0 c) wayside, or on-board flange or "top of rail" lubricant applications. 

In addition to the algorithm employed by control unit 12, as set forth in Eq. 2, 
other factors are also addresses by the control unit in producing outputs to the 
respective tractive effort maximizers. The first of these factors relates to large signal 
limits on creep changes. This situation arises because, while the level of creep 

15 associated with maximum adhesion is not the same for all axles, the difference in 
optimal creep levels is bounded, and can be estimated. This enables control unit 12 to 
account for the creep levels of axles with significantly higher tractive efforts than 
other axles, so to influence the creep levels of these other axles. 

A second factor relates to the amount of adhesion of which an axle is capable. 

20 If a relationship between optimal creep levels for a sequential set of axles (A1-A3, or 

A4-A6) can be established (either through empirical or analytical means), then the 

creep limit of each axle is partially influenced by the creep limit of the other axles. 

This relationship can also be based on previous locomotive performace, including 
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performace of other locomotives. It will be understood by those skilled in the art that 
locomotives of a similar type or model should exhibit common characteristics with 
other locomotives of the same class. This relatioship could further be modeled based 
on the particular track, position in the track, and rail conditions including weather (all 
5 of which could be obtained from way side, on-board GPS and track maps), and the 
position of the locomotive in the train as noted with respect to Fig. 20. Thus, the 
relationship is a function of total locomotive tractive effort and/or position on the 
track. 

The above relationship(s) is important because it prevents one axle from 

10 drifting into a low tractive effort, extreme creep region. This could occur, for 

example, with trailing truck K2 on locomotive V, where wheel rail cleaning and 

weight transfer creates an expectation of a tractive effort increase on axles A4 to A6, 

as the creep on these axles is reduced. If the tractive effort of axle A5, for example, 

then turns out to be less than that of axle A4, the result would be for the creep level of 

15 axle A5 to migrate toward that of axle A4. The same effect will also occur with 

respect to the creep level of axle A6 migrating toward that of axle A5. 

A third factor is the response to significant changes in friction when a transport 

lag scheduled control effect occurs. An important advantage of adhesion control 

system 10 is its rapid response to the application of a lubricant by a wayside lubricator 

20 and the resultant immediate and sizeable reduction in rail surface friction that occurs. 

Since the lubrication is typically applied as locomotive V reaches the lubricator, lead 

axle Al will first experience the resulting change in friction when the wayside 

lubricant is applied to rail R. In accordance with the invention, adhesion control 
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system 10 reacts by increasing the magnitude of the creep level signals to the 
maximizers TEM1-TEM6, and by having sand applied to the rails in front of the 
wheels by a sand applicator SA (see Fig. 8). Once leading axles Al , A2 on truck Kl 
detect the changes in the rail condition, the control efforts of system 10 occur; but they 
5 occur after a delay that is directly proportional to the position of the axle (or sand 
applicator relative to the lead axles), and inversely proportional to the speed of the 
train. However, it is a feature of the invention to reduce this delay as much as 
possible so to improve response time to the changed set of conditions. In addition to 
axles on this locomotive and control actions (e.g., sanding) carried out by this 
10 locomotive, this information could, as noted above, also be obtained from other 
locomotives in the consist or from other trains which have passed over the same track, 
or from way side communications. The information could also be obtained from 
various sensors on the axles or truck, and from tractive effort and creep changes 
experienced by axles. 

15 An important advantage of adhesion control system 10 is that by use of 

coupled creep control, the level of creep for one axle is now influenced by the level of 
creep for the other locomotive axles so to provide a unified or integrated axle creep 
control which further serves to reduce response time to changed conditions. The 
result is that in a six axle locomotive such as locomotive V, the adhesion of each axle 

20 is maximized and the creep level determined for each axle is optimal for the operating 

conditions currently being experienced by all the axles. This is because control unit 

12 is responsive to information relating to all of the axles and integrates this 

information so the overall tractive effort attained through maximizer TEM1-TEM6 
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provides for the most efficient operation under the prevailing circumstances. Since 
the rail conditions vary from one moment to the next, adhesion control system 10 
provides for dynamic creep control, and hence the dynamic traction capabilities of 
locomotive V. 

The maximizer function can be erroneous for a number of reasons including: 

a) an adhesion curve for an axle having more than one maxima; 

b) creep measurement errors due to a variety of factors; 

c) processing errors which may occur such as asynchronous 
sampling or numerical truncation within the algorithm; 

d) rail condition transients; 

e) wheel creep control (WCC) operations (e.g., moving in and out 
of creep control, or not allowing tractive effort maximizers TEM1- 
TEM6 sufficient time to reach an the optimal creep level); or, 

f) system instabilities that cause significant variation in operation 
of the tractive effort maximizers and the resulting creep signals 
they produce. 

In operation, adhesion control system 10 effectively enables each tractive 
effort maximizer TEM1-TEM6 to provide creep "advice" to the five axles it does not 
control. This advice is weighted advice, and the amount of influence it has is a 
function of the following factors: 

a) axles displaying the highest level of "normalized adhesion" characteristics 

are "trusted" most. Normalized adhesion means each axle's adhesion relative to its 

expected adhesion. Expected adhesion is, in turn, based upon the adhesion of the 
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other five axles (of a six axle locomotive V), and the location of the particular axle on 
the locomotive. 

b) the influence of the creep level of one axle to that of another axle, 
diminishes as the distance between the two axles increases. An axle adjacent to 
5 another axle will have more influence on the creep level of the adjacent axle than 
when the axles are at opposite ends of the locomotive. This is because of the 
increasing uncertainty of rail conditions between the respective axles. 

Again, the overall effect is to reduce response time to changing conditions to 
maintain maximum tractive effort. 

1 0 Before the creep level of one axle is used to influence that of another axle, the 

creep level value is first normalized. Referring to Fig. 12, coupled control unit 12 is 
shown to include an expected adhesion calculator (EAC) 22 to which is supplied an 
adhesion signal adh n from calculator 20 (see Fig. 8). EAC 22 determines an optimal 
expected adhesion performance of each axle based on rail conditions, and locomotive 

15 static and dynamic characteristics. The calculator utilizes the relative adhesion history 
of an axle, as measured during creep limited operating modes. One result produced by 
calculator 22 is a function of the average level of adhesion for all of the creep limited 
axles, and an output of the EAC calculator is an expected adhesion value for each 
axle. Common mode changes, such as when the creep level of all six axles changes 

20 by the same amount (percentage), are incorporated into the vector signal adh_n 

supplied to the calculator. This signal, is processed by calculator 22 and supplied as 

an output of the calculator. Differential changes (e.g., the creep level changing by a 

different percentage for each axle) are initially not used by EAC calculator 22, by 
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rather are processed to gain an understanding of how the axles function relative to 

each other under various rail conditions. 

A second input to EAC calculator 22 is a rail condition status vector. This 

input provides information such as, for example, which axles are being sanded. This 

5 information includes the time at which each axle experiences these changes. For 

example, a condition effecting by axle Al will then be experienced by axle A2 sooner 

if locomotive V is traveling at high speed rather than at low speed. This is important 

because it affects expected adhesion ratios. 

A creep advice qualifier (CAQ) 24 determines the quality of the creep advice 

10 provided by one axle for use by another axle. The quality of advice is typically rated 

higher if the normalized adhesion (actual adhesion to expected adhesion) developed 

by the one axle is greater than that developed by the other axle. This means that the 

axle with the greater normalized adhesion value is performing better than the other 

axle; and, the other axle is, in effect, advised to use the creep advice provided by the 

15 axle with the higher normalized adhesion value. Conversely, if the axle is performing 

significantly worse than the other axle is, it would be advisable for the one axle to use 

the opposite sense of the creep advice provided by that axle. 

Additionally, the relative proximity of the two axles also influences the quality 

of the creep advice. If the axles are adjacent axles, the advice provided by the one 

20 axle to the other is generally rated higher than if the axles are more separated, 

assuming other factors are equal. 

One method for determining the quality of the advice provided by one axle to 

the other is set forth in general, and as an illustration, in Eq. 4 as follows: 
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ccc_quality_y_z = function {q_adh_y_z , q_prox_y_z} 
= min {q_adh_y_z x q_prox_y_z, q_max} (Eq. 4) 

Where, 

y and z are the axles under consideration; 
5 q_adh_y_z is the quality of the creep advice provided by an axle y to an axle z 

based upon their relative normalized adhesion ratios and is calculated in accordance 
with Eq. 5 below; 

q_prox y_z represents the quality of advice as a function of the proximity of 
the two axles and is calculated in accordance with Eq. 6 below; and, 
10 q_max is an upper limit for the magnitude of the result. 

The second line of the above equation provides the example of its use. 

As noted above, the quality of creep advice provided by an axle y to an axle z 
is based upon their relative normalized adhesion ratios and is calculated, in general and 
as an illustration, from Eq. 5 as follows: 
1 5 q_adh_y_z = function {q_adh_min, adh_y, adh_exp_y, adhz, adh_exp_z} 

= [ {max(q_adh_min,(adh_y/adh_exp_y)/(adh_z/adh_exp_z)- 1 } xK 3 ] a 

(Eq. 5) 
where, 

a and K 3 effect the degree to which normalized adhesion ratios for the axles 
20 influence the quality of advise from the one axle to the other, q_adh_min is a 
minimum value. Again, the second line of the equation provides an example of its 
use. 
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Fig. 13 is a graph illustrating how the value of q_adh_y_z is affected by the 
normalized adhesion ratios of the respective axles y and z. The plot in Fig. 13 is 
based on Eq. 5 with the factors a and K3 both being equal to 1, and q_adh_min being 
equal to 0. 

As further noted above, the proximity effect may be determined, in general and 
as an illustration, as follows using Eq. 6 as: 

q_prox_y_z = function(y, z) 
= (l/abs(max(y-z), l)) p {yO Z } (Eq. 6) 

where, 

P represents the amount of influence one axle's creep value has on another 
axle based upon the proximity of the two axles. If y = z, then q_prox_y_z = 0. 

Fig. 14 illustrates how the quality of advice varies with respect to the 
normalized adhesion ratio for a six axle locomotive V configuration. In this Fig., P = 
1. Accordingly, for each axle, the quality of advice for the adjacent axle is 1. 
However, as one moves further away from the subject axle, the value of the quality of 
the advice from the other axle rapidly declines. 

Again, even though the creep advise is given by axles which are performing 
better compared to what is expected, it is also possible to give negative advise by 
axles performing poorly. 

Referring again to Fig. 12, a creep advice translator (CAT) 26 has as inputs a 
creep value crp n from each axle and the rail conditioning status vector that is also 
supplied to EAC calculator 22. Translator 26 adjusts each axle's creep value to a 
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level for each of the other axles to produce a six by six matrix similar to that shown in 
Fig. 14. 

Fig. 15-17 illustrate development of the quality matrix using Eq. 4 for a six 
axle locomotive V configuration. In Fig. 15, the weight, adhesion (adh) and expected 
5 adhesion (adh_exp) values are given for each axle of the six axle configuration. The 
adhesion and expected adhesion values are then plotted on the accompanying graph. 

Next, Fig. 1 6 is a 6 x 6 matrix whose values are calculated in accordance with 
Eq. 5. In viewing this matrix, it should be noted that in accordance with the invention, 
axles 3 and 6 have, in effect, advice to provide, and axle 5 is an axle which can use 
10 that advice. 

Fig. 17 a also a 6 x 6 matrix calculated in accordance with Eq. 4. The values 
included in this matrix represent include consideration of both normalized adhesion 
and proximity. 

A creep advice integrator (CAT) 28 has as inputs values representing the 
15 proximity quality matrix shown in Fig. 13, the creep signal crp n for each axle, and 
the matrix produced by translator 26. Integrator 28 utilizes all of these inputs to 
produce the coupled creep control output ccc n for each axle which is supplied to the 
tractive effort maximizer TEM1-TEM6 for the respective axle. The output vector 
ccc_n is calculated, in general and as an illustration, in accordance with Eq. 6, as 
20 follows: 

ccc_y = function {ccc_quality_y_z , crp_y_n-crp_n , crp_max_ z , crpminz } 
= Z [ccc_quality_y_z x (crp_y_n-crp_n) x (crp_max_ z-crp_min_z) x K y 2 ] 
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z=l-6 (Eq. 6) 

where, 

ccc_quality_y_z is the quality of the creep advice from axle y for axle z; 
crp_y_z is the creep advice from axle y for axle z; 
5 crp_y is a creep set point for axle y; 

crp_max_y is a maximum creep limit set by the tractive effort maximizer 
TEM1-TEM6 function for axle y; 

crp_max_y is a minimum creep limit set by the tractive effort maximizer 
TEM1-TEM6 function for axle y; and, 
10 Ky. z is a fixed or controlled gain factor that controls the strength of the CCC 

algorithm. 

Fig. 18 further extends the six axle advice example of Figs. 15-17. In Fig. 18, 
normalized creep and normalized expected creep values are provided for each of the 
six axles. The Fig. further includes a 6 x 6 creep matrix based upon these values. 

15 Finally, Fig. 19 is a graphic representation of how the resultant coupled creep 

control values ccc_n affect the measured creep values crp_n for each axle. The creep 
values plotted in Fig. 19 correspond to those values listed in the crp column of Fig. 
18. The coupled creep control values are based upon the matrix information in Fig. 
17. As shown in Fig. 19, the ccc_2 and ccc_5 signals provide by control 12 in Fig. 7 

20 to the tractive effort maximizers TEM2 and TEM5 both are used to reduce the creep 
on each of these two axles, while the signals to the other four tractive effort 
maximizers have value which produce little, or no, effect on the creep for these 
respective axles. 
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In view of the above, it will be seen that the several objects of the invention 
are achieved and other advantageous results are obtained. As various changes could 
be made in the above constructions without departing from the scope of the invention, 
it is intended that all matter contained in the above description or shown in the 
5 accompanying drawings shall be interpreted as illustrative and not in a limiting sense. 
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